The relative importance of left ventricular (LV) geometry, wall thickness, and mass on the inscription of left ventricular hypertrophy (LVH) on the ECG was examined in 93 patients; 36 had no LVH on the ECG, 10 had borderline voltage for LVH, and 47 had LVH on the ECG. LV cineangiograms in the right anterior oblique projection were analyzed for LV end-diastolic volume, free wall thickness (h), semiminor radius (R), LV mass index (LVMI), and the geometric relations described by h/R, mass/volume, and h * R. Although mean LVMI was greater in patients whose ECG voltage was either borderline or diagnostic of LVH, increased LVMI also occurred without LVH on the ECG. None of the variables (h, R, h/R or mass/volume) reliably indicated when LVH would be inscribed on the ECG. The product of h * R, however, defined three electrocardiographic groups; all patients with LVH on their ECG had he R >2.6 cm'. Wall thickening sufficient to result in an increased LV mass did not result in LVH on the ECG unless sufficient concurrent chamber dilatation was present. Thus, a critical geometric relationship resulting from the interplay of wall thickness and chamber dilatation is necessary for LVH to appear on the ECG. This finding is consistent with the solid-angle theory of electrocardiography as it relates to ventricular hypertrophy. THE ECG OFTEN SHOWS increased electromotive forces with either concentric or eccentric left ventricular hypertrophy (LVH). The characteristics of chamber geometry and wall thickness that give rise to the pattern of LVH on the ECG are poorly understood. Several of the original studies that established criteria for diagnosing LVH from the scalar ECG based their findings on postmortem determinations of left ventricular mass (LVM).1-6 However, postmortem alterations in ventricular geometry and the difficulties in establishing the septal boundary of the left ventricle, as well as the relatively weak specificity of the correlations, suggest that LVM alone does not determine the appearance of LVH on the ECG. Other investigators have attempted to correlate
the electrocardiographic appearance of LVH with angiographically or echocardiographically determined LV end-diastolic volume (LVEDV) or diameter,7"posterior wall thickness,7'-4 or interventricular septal thickness,0 13, 14 with various degrees of success. While some authors have argued that a dilated ventricle would augment radially directed potentials"5 and thereby increase the voltage inscribed at the body surface, others have suggested that cardiac dilatation might obscure the increased QRS voltage in LVH. '6 The present study was undertaken to elucidate further the relations of ventricular geometry, wall thickness and mass necessary to produce LVH on the standard ECG. Because of the difficulties inherent in a postmortem study,'17 18 we analyzed LV cineangiograms in patients both with and without LVH on the ECG.
Methods
The patient population was derived from all patients undergoing cardiac catheterization at the Peter Bent Brigham Hospital who were found to have aortic stenosis, aortic regurgitation, combined aortic stenosis and regurgitation, mitral regurgitation, cardiomyopathy, or hypertensive heart disease. Aortic stenosis was considered to be present when there was at least a 20 mm Hg mean systolic gradient across the valve. For the study population, the aortic valve areas ranged between 0.5-1.2 cm'. In addition, there was a control group of patients who had no identifiable myocardial, valvular or coronary artery disease or systemic hypertension by diagnostic cardiac catheterization. The indication for catheterization in the control group was evaluation of a chest pain syndrome. Patients were included in the study if: 1) there was no concomitant coronary artery disease (>50% luminal narrowing in a major coronary artery) or ventricular dysynergy on ventriculography; 2) they were older than 35 years of age; 3) atrial fibrillation, right ventricular hypertrophy, right bundle branch block, left bundle branch block, or the preexcitation syndrome were not present on the ECG at the time of the study; 4) high-quality LV cineangiograms adequate for analysis of chamber and free wall dimensions were available; and 5) they were not obese (>20% above ideal body weight for their height). '9 As part of routine diagnostic left-heart catheterization, all patients underwent left ventriculography in the right anterior oblique projection. LVEDV was obtained by planimetry of an end-diastolic silhouette using a sonic digitizer interfaced with a small computer, a calibrated grid system to correct for magnification, and the area-length formula for a prolate ellipsoid.20 LVEDVs were corrected according to a regression equation derived in our laboratory2' and then indexed for body surface area (LVEDVI). LV wall thickness (h) was determined by the method described by Kennedy et al.22 In brief, from the right anterior oblique end-diastolic silhouette, an average LV free wall thickness was calculated as the length of a perpendicular line drawn between the chamber silhouette and the outer edge of the free wall trace at a point approximately midway between the apex and base, so as to avoid the right ventricular outflow tract. Values were adjusted by means of the same magnification correction factor used in the volume calculations. The corrected wall thickness was added to the semidiameter used in calculating the chamber volume and thereby the volume of the chamber plus muscle wall was obtained. LVM was then calculated as: 1.050 (V,+, -V,), where V,±w is the volume of the chamber plus the wall and V, is the volume of the chamber, and the values were indexed for body surface area (LVMI).22
Because electrocardiographic voltage abnormalities are easily and accurately measured, we defined LVH as being present on the ECG when any of the following criteria were met (with standard instrument sensitivity 10 mm = 1 mV): R, + S,,, >25 mm23 (with the requirement that S,,, was greater than 15 mm when left anterior hemiblock was present24); RaVL >13 mm,2' RavF >20 mm;2' Svl + Rv5 or V >35 mm;26 or Rvs or V6 >26 mm.26 ECGs were designated borderline for LVH if the above frontal plane criteria were absent, with Svl + RV5 or V6 >30 mm,27 but <34 mm.
ECGs were considered negative for LVH if the above frontal plane criteria were absent, with Sv, + Rv, or v6 <30 mm. Because of the limited sensitivity of intrinsicoid delay"8 and the limited specificity of left-axis deviation24' 28 or ST-T wave abnormalities,'2 we did not include these criteria for LVH in our analysis. and wall thickness in the inscription of LVH on the ECG, the following calculations were made for each patient: LVMI, LVEDVI, LV free wall thickness (h), the semiminor radius of the left ventricle in the right anterior oblique projection (R), as well as LVMI/LVEDVI, h/R, and he R.
Statistical analysis of the data included the t test for independent variables and linear regression analysis by the least squares method.
Results
Clinical and ventriculographic data for each patient are shown in table 1, and measured voltages in the leads used to diagnose LVH are shown in table 2.
The mean LVMI in the group with LVH on the ECG was significantly higher than in either the normal (p < 0.001) or borderline (p < 0.005) groups. Although the mean LVMI was different among the three groups ( fig. 1 ), there was considerable overlap of patients, and increased LVMI was seen in cases without LVH on the ECG. The correlation by linear regression analysis of the sum of voltages Sv1 + orvr with LVMI in patients with LVH on the ECG was poor (r = 0.40).
Although the individual variables that contribute to the LVM calculation (that is, volume or radius and wall thickness) also were significantly higher in patients with LVH than in those with borderline voltage or no LVH, even greater overlap in values occurred among the groups ( fig. 2 ). Thus, no single characteristic of the ventricle itself reliably identified when LVH would be inscribed on the ECG.
The geometric relationship described by the ratio h/R was significantly different between LVH and normal patients (p < 0.001) ( fig. 3 ). However, differences between mean h/R in LVH vs borderline and borderline vs normal patients were not significant. The LVMI/LVEDVI ratio also did not prove to be a useful discriminator among patients.
In contrast, the geometric parameter described by the product of h * R separated patients into the three electrocardiographic groups ( fig. 4 ). Minimal overlap of groups occurred. Values from patients with LVH on the ECG were above the line described by the hyperbolic function, h. R = 2.6, while patients without LVH were on or below this line. Values from borderline LVH patients clustered on either side of the line, as shown. Patients who had increased LVM and did not record LVH on the ECG were distributed below and to the left of the LVH patients on the graph because of a lower product of h. R.
Discussion
As has been noted by other investigators,7' 8,14 we have shown that patients with electrocardiographic evidence for LVH have increased LVM. Nevertheless, some patients in this study with an increased LVM had ECGs that showed either no LVH or only borderline voltage for LVH. We therefore postulate that additional geometric factors must be considered In order to assess the relative roles of LV geometry 387 to explain this finding. 78 AR 13 6 79 AR 14 9 80 AR 7 0 81 AR 8 21 82 AR 12 10 83 AR 7 6 84 AR 11 9 85 AR 7 7 86 AR/MR 10 10 87 AR/MR 6 5
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It has been suggested that a dilated ventricle alone will augment potentials more than a thickened myocardium will,29 or carry the heart closer to the precordial electrodes, thereby increasing QRS voltage by a proximity effect. 30 Brody has reasoned that a dilated ventricle will more effectively augment radially directed dipoles because of the increase in intracavitary blood mass and thereby increase the voltage FIGURE 1 . A plot of angiographically determined left ventricular mass index (L VMI) in three electrocardiographic groups: no left ventricular hypertrophy (L VH) on the ECG, borderline L VH on the ECG, and L VH on the ECG. There was some overlap of values between groups and some patients had increased L VMI without L VH on the ECG. inscribed at the body surface."5 However, we have found that LVEDV is not an independent determinant of electrocardiographic LVH. LVH on the ECG frequently occurred in patients with a normal LVEDV, while an increased LV volume did not always produce LVH on the ECG. Similarly, increases in wall thickness without an increase in LV volume did not result in LVH on the ECG, while a normal wall thickness could produce LVH on the ECG in a patient with sufficient increase in ventricular volume to increase total LVM. The geometric relationship described by the product of h-R more reliably separated patients with and without LVH on the ECG than did the LVMI. The solid-angle theory as it relates to the ECG31 32 offers an explanation for this observation and provides a more general description of the physiologic determinants of LVH on the ECG. Although this theory has largely been used to analyze TQ-ST-segment mapping techniques,33 the principles involved are applicable to LVH.
Craib has suggested that current flow is established across boundaries in isolated muscle strips by adjacent dipole sources with different electrical potentials. 36 Bayley has shown that the electrical potential at any point in a conducting medium surrounding a closedsurface, double-layer dipole source is directly related to the dipole moment of each element of the surface and the solid angle, Q, subtended by the boundaries of the surface at a point P.3" The solid angle, Q, is defined ( fig. 5 ) as the area of spherical surface cut off a unit sphere (inscribed about a point P) by a cone whose base is defined by the boundary of interest and whose apex is at point P. 32 For a region of the in situ heart with different transmembrane voltages, Vm1 and Vm2 ( fig. 5 ), the electrical potential, E, recorded at a point P (on the body surface) can be given by:32
where Q is the solid angle subtended by the surface described by the limits of the region being analyzed, AVm is the difference between transmembrane potentials Vm, and Vm2, and K is a constant that relates to the difference in conductivity and inhomogeneities within cardiac muscle. As stressed by Holland and Arnsdorf: "Since the solid angle depends only on the position of the recording electrode and the geometry of the boundary, it reflects spatial influences on the magnitude of e. The difference in transmembrane potential between two regions does not, however, depend on geometry and thus reflects nonspatial influences on the magnitude of E."" Because there is no change in the transmembrane action potentials in myocytes of chronically hypertrophied hearts,37 Witham30 has deduced that the increased voltage in cases of LVH on the ECG cannot be ascribed to the "simple product of the number of cells and their individual voltage." Therefore, the geometry of the ventricle must play an important role in determining the increased voltage.
The solid-angle theory is limited by the fact that the angle Q can be easily constructed only for simple geometric figures. Holland and Arnsdorf have shown that the solid angle subtended by a circular disc at a point directly overlying its center varies inversely with the distance between the disc and the recording electrode site.32 Because an elliptical model of the left ventricle is commonly used in analysis of ventricular geometry, it would be useful to know if a similar relationship holds for an ellipsoidal disc. The solid angle subtended by an ellipsoidal disc with a recording electrode directly over its center at a distance z is given by the following equation:40 where a is the semimajor axis, b the semiminor axis, and 0 an angle describing the relationship between a point projected onto an ellipse from a recording electrode and the center of the ellipse.
Inspection of equation (2) shows that Q varies inversely with the distance z, and thus the solid angle subtended when the surface of the left ventricle is carried closer to the precordial recording electrodes would be greater. Greater proximity to the recording electrodes can be accomplished by either an increase in wall thickness or LV chamber dilatation with an increase in radius, or a combination of the two.
We therefore plotted wall thickness vs radius in all patients studied and found this to delineate more accurately the ventricular geometry leading to the inscription of LVH on the ECG than LVM alone. The relationship of h * R not only identifies patients with LVH, but also explains why certain patients with increased LVM do not show LVH on the ECG ( fig. 4) It can readily be seen that patients with LVH on ECG are distributed in the upper right hand portion of the plot ( fig. 4 ), while patients without LVH are at the lower left portion. Thus, a critical geometric relationship must be achieved by the hypertrophied left ventricle, involving a combination of a thickened free wall and dilated chamber, to yield a solid angle sufficiently great that LVH would be recorded on the
ECG.
This relationship is seen on the one extreme in patients with ventricles markedly dilated from volume overload or cardiomyopathy and only a slightly thickened free wall. On the other extreme are patients who have pressure overload of the left ventricle, with a relatively small chamber volume (normal R) and a markedly thickened free wall. Various combinations of hemodynamic lesions will lead to a variety of combinations of alterations in h or R or both.
The relationship he R appears to define the geometry better than mass alone, even though h and R are the major determinants of LVM. Although theoretically it should be possible to have electrocardiographic LVH from a massively dilated ventricle with a thin wall and a normal LVM, such a situation would be physiologically improbable on a chronic basis because of intolerably high resultant myocardial wall stress. Most patients with chronic LV volume overload have an increase in h commensurate with FIGURE 6 . The influence of chamber dilatation and wall thickness in increasing the solid angle subtended at the recording electrode. With normal growth from childhood to adulthood, heart mass and torso mass increase proportionately, and the solid angle subtended remains constant. With volume overload of the left ventricle, total left ventricular (L V) mass is increased largely through chamber dilatation, and the solid angle subtended at the recording electrode is increased markedly. Pressure overload of the left ventricle, although leading to an increase in L V mass through wall thickening, will not subtend a markedly enlarged solid angle unless chamber dilatation occurs as well. The distance between the heart and the recording electrode may influence the solid angle subtended. Such potential variability in the solid angle may explain why certain normal young subjects with a thin chest and narrow anteroposterior diameter have increased QRS voltage. (Reproducedfrom Holland and Arnsdorft' with the permission of the authors and the publisher.) their increased R, so that h/R remains normal. 4' Thus, the relative interplay between wall thickness and chamber dilatation determines whether LVH will be recorded on the ECG (fig. 4 ). As predicted by the mathematical model of Rudy and co-workers,29 and schematically represented in figure 6 , an enlarged chamber plays a greater role than a thickened myocardium in augmenting potentials. Electrocardiographic LVH seems to be a manifestation of LV enlargement and may not be present when wall thickening alone, without sufficient dilatation, produces an increase in LVM without subtending a large enough solid angle at the body surface.
